Abstract: Aluminum oxide (AlO x ) and plasma immersion ion implantation (PIII) were studied in relation to passivated silicon heterojunction solar cells. When aluminum oxide (AlO x ) was deposited on the surface of a wafer; the electric field near the surface of wafer was enhanced; and the mobility of the carrier was improved; thus reducing carrier traps associated with dangling bonds. Using PIII enabled implanting nitrogen into the device to reduce dangling bonds and achieve the desired passivation effect. Depositing AlO x on the surface of a solar cell increased the short-circuit current density (J sc ); open-circuit voltage (V oc ); and conversion efficiency from 27.84 mA/cm 2 ; 0.52 V; and 8.97% to 29.34 mA/cm 2 ; 0.54 V; and 9.68%; respectively. After controlling the depth and concentration of nitrogen by modulating the PIII energy; the ideal PIII condition was determined to be 2 keV and 10 min. As a result; a 15.42% conversion efficiency was thus achieved; and the J sc ; V oc ; and fill factor were 37.78 mA/cm 2 ; 0.55 V; and 0.742; respectively.
Introduction
As conventional energy sources such as coal, oil, and natural gas are exhausted, solar energy is becoming increasingly crucial [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . The combustion of fossil fuels produces carbon dioxide, which causes the greenhouse effect. Protecting the environment for the next generation is vital; alternative energy sources must be investigated, and renewable energy technologies must be developed to counteract the greenhouse effect. Green energy is a major area of academic and industrial research, and steep increases in petroleum prices have renewed the focus on alternative sources of energy.
In many applications, amorphous silicon/crystalline silicon (a-Si/c-Si) heterojunction solar cells offer several advantages. First, they yield increased open-circuit voltage (V oc ) because of their a-Si structure [14] ; the band-gap of a-Si is wider than that of c-Si; thus, the V oc of a-Si/c-Si heterojunction solar cells is larger than that of homojunction solar cells. Second, the electric field at the interface of an a-Si/c-Si solar cell is larger than that of a homojunction solar cell [15] . As shown in the energy band diagram, the structure of a-Si/c-Si cell is more beveled than the homojunction structure. Third, a-Si/c-Si heterojunction solar cells are more efficient than homojunction solar cells [16] . Finally, a-Si/c-Si heterojunction solar cells are more effective for generating electric power than a-Si thin film solar cells at high temperatures [17] .
In this study, an AlO x layer was deposited on the surface of an a-Si/c-Si heterojunction solar cell. It was expected that the field-effect passivation would improve the short-circuit current density (J sc ) and V oc . Because a-Si and c-Si interfaces have substantial amounts of defects [13] , enhancing the electric fields near a-Si and c-Si interfaces can improve carrier mobility and reduce carrier traps at the interfaces.
Plasma immersion ion implantation (PIII) was used in this study to enhance performance [18] [19] [20] . The target received substantial negative pulse voltage, and plasma was formed by the RF power in the cavity. Simultaneously, nitrogen was imported to produce positively charged nitrogen ions, and the plasma ions implanted nitrogen in the device from all sides. This method allowed for lower implantation energy and higher doses, thereby reducing the number of device defects from ion implantation. PIII was used to reduce the number of dangling bonds in the solar cell. Figure 1 shows the structure of the solar cell device. After RCA cleaning, an LPCVD furnace was used to deposit a-Si 50 Å to create a heterojunction solar cell; a solar cell without a-Si was also created as a homojunction solar cell. Second, SiO 2 was deposited as a PIII buffer layer. PIII was then applied to the top and back sides of the wafer (60 tilt, 40 keV, source BF 2 , and 7 tilt, 40 keV, source As). After implantation, rapid thermal annealing (1,000 °C, 60 s) was used to activate the ions, followed by etching the SiO 2 by using BOE. AlSiCu (5,000 Å) was deposited using PVD on the back contact, and H 2 sintering (400 °C, 30 min) was conducted using a furnace.
Experimental Section
The basic homojunction (without a-Si) and heterojunction (with a-Si) devices were fabricated as follows. A metal mask was used to define the pattern of the front contact, following the application of 10-nm AlO x on the top of the cells using DC sputtering. Subsequently, DC sputtering was used to deposit a 70-nm ITO ARC-layer on the tops of the cells. Front contact electrodes of 5,000 Å (500 nm) Al were applied using electron beam evaporation. Finally, the cells were cut into 1 × 1 cm 2 pieces to measure solar cell efficiency. Three solar cells were fabricated, including a heterojunction solar cell with AlO x passivation, and one without AlO x passivation. The use of nitrogen to passivate dangling bonds on a-Si and c-Si solar cell surfaces using PIII was investigated ( Figure 2 ). PIII energy at 2 keV, 4 keV, 6 keV, and 5 min, 10 min, and 15 min of PIII time, were investigated. The short-circuit current (I sc ), V oc , fill factor (FF), and conversion efficiency (ç ) of the solar cell devices were subsequently compared. The comparison is shown on Table 1 . Depositing AlO x on the surface of a solar cell increased the short-circuit current density (J sc ), open-circuit voltage (V oc ), and conversion efficiency from 27.84 mA/cm 2 , 0.52 V, and 8.97% to 29.34 mA/cm 2 , 0.54 V, and 9.68%, respectively.
Results and Discussion

AlO x Measurement and Analysis
AlO x was deposited on the solar cells to passivate the surface by a fixed charge, thereby inducing the field-effect. The number of fixed charges on the AlO x /c-Si interface was determined. AlO x was used to fabricate the AlO x /c-Si capacitance (insert in Figure 3) , and the capacitance-voltage (C-V) curve was measured (Figure 3) . The area of the capacitance is 50 × 50 μm 2 . From the C-V characteristics in Figure 3 , we can find the flat-band voltage was 2.7 V by voltage sweeping. As a result, we can obtain fixed charges on the AlO x /c-Si interface in 10 12 cm −2 . The CV curve shows right shifting, it reveals that the negative charges exist in AlO x , and induce an accumulation layer at the p-type silicon interface, resulting in a very effective field-effect passivation [21, 22] . As shown in Figure 4 , we compared two structures of the homojunction solar cells with and without AlO x passivation samples, both without ITO ARC-layers. As shown by the characteristic I-V curve in Figure 5 , the J sc , V oc , and ç were increased by AlO x passivation. 
PIII Measurement and Analysis
The use of nitrogen to passivate dangling bonds on a-Si and c-Si surfaces by using PIII was investigated. To control the nitrogen depth, three PIII energy conditions of homojunction solar cells with AlO x passivation were studied: 2 keV, 4 keV, and 6 keV in 10 min. Based on the I-V curves in Figure 6 and Table 2 , the PIII at 2 keV yielded a superior passivation effect. The short-circuit current density (J sc ), open-circuit voltage (V oc ), and conversion efficiency were 37.95 mA/cm 2 , 0.53 V, and 13.47%, respectively. Moreover, Figure 7a ,b show the secondary ion mass spectrometry (SIMS) data for the PIII 4 Kev and PIII 2 Kev samples. From the SIMS results, we find that the position of nitrogen distribution is shallow and has a high concentration at the a-Si and a-Si/C-Si interface. According to the SIMS results, the PIII at 2 keV offered superior depth control than PIII at 4 keV. Therefore, nitrogen can be imported to produce positively charged nitrogen ions, and plasma ions implanted this nitrogen in the device from all sides. Through a lower implantation energy of only 2 keV and higher doses, the number of device defects and dangling bonds in the solar cell can be reduced.
The three conditions were compared based on reverse dark I-V characteristic curves, as shown in Figure 8 . From this characteristic, the nitrogen passivation by using PIII can reduce the leakage current. Therefore, PIII passivation of a-Si and c-Si surfaces decreased the defect density and dangling bonds and enhanced the solar cell performance.
Moreover, a homojunction solar cell with AlO x passivation was treated using 2 keV PIII for three periods of time to determine which time period offered superior concentration control: 5 min, 10 min, and 15 min. Based on the I-V characteristic curves and comparison table shown in Figure 9 and Table 3 , the PIII for 10 min offered superior concentration control and passivation. The short-circuit current density (J sc ), open-circuit voltage (V oc ), and conversion efficiency were 40.14 mA/cm 2 , 0.54 V, and 13.414%, respectively. Based on the reverse dark I-V characteristic curve shown in Figure 10 , the leakage current was also reduced, and the optimized condition was the PIII for 10 min sample. 
Optimization of the PIII Condition
Based on these two experiments, PIII at 2 keV for 10 min was demonstrated to yield superior performance. Therefore, this condition was optimized for the passivation of a heterojunction solar cell without AlO x passivation. This yielded a superior conversion efficiency of 15.42% from all of the devices, as shown in Figure 11 and Table 4 . The short-circuit current density (J sc ) and open-circuit voltage (V oc ) were 37.78 mA/cm 2 , and 0.55 V. As Figure 12 shows, the leakage current was also reduced compare with no PIII sampls. For these conditions, the number of device defects and dangling bonds can be reduced through PIII in the solar cell. 
Conclusions
AlO x was deposited on a solar cell to passivate the surface by using a fixed charge, to induce the field effect. Solar cell efficiency was enhanced using AlO x , and the J sc and V oc values were improved slightly because of the reduction of defects on the c-Si surface by field-effect passivation. PIII was administered at three energy levels; 2 keV offered superior performance, and enhanced the J sc , V oc , and efficiency of the solar cell by effectively reducing the number of dangling bonds on the a-Si and c-Si surfaces. PIII administered for 10 min was found to enhance the J sc , V oc , and efficiency of the solar cell, and effectively reduced the number of dangling bonds on the a-Si and c-Si surfaces. Excess nitrogen atoms were not present in the formation of impurities. The ideal PIII condition (2 keV, 10 min) was used to to passivate a heterojunction solar cell without AlO x passivation; the solar cell offered a superior conversion efficiency of 15.42%, a J sc of 37.78 mA/cm 2 , a V oc of 0.55 V, and an FF of 0.742 (AM1.5, area = 1 cm 2 ).
